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We investigate the interaction between dark energy and dark matter in the framework of ir-
reversible thermodynamics of open systems with matter creation/annihilation. We consider dark
energy and dark matter as an interacting two component (scalar field and “ordinary” dark mat-
ter) cosmological fluid in a homogeneous spatially flat and isotropic Friedmann-Robertson-Walker
(FRW) Universe. The thermodynamics of open systems as applied together with the gravitational
field equations to the two component cosmological fluid leads to a generalisation of the elementary
dark energy-dark mater interaction theory, in which the decay (creation) pressures are explicitly
considered as parts of the cosmological fluid stress-energy tensor. Specific models describing coher-
ently oscillating scalar waves, leading to a high particle production at the beginning of the oscillatory
period, and models with a constant potential energy scalar field are considered. Furthermore, exact
and numerical solutions of the gravitational field equations with dark energy-dark matter interaction
are also obtained.
PACS numbers: 04.50.Kd, 04.20.Cv, 04.20.Fy
I. INTRODUCTION
The observational data from type Ia supernovae, ini-
tially reported in [1], have generated a large theoreti-
cal and observational effort for the understanding of the
observed present accelerated expansion of the Universe.
Subsequent work on type Ia supernovae [2], the cosmic
microwave background [3], and baryon acoustic oscilla-
tions [4] fully support the initial interpretation of the
observational data that the expansion of the Universe is
accelerating. The late-time cosmic acceleration is usu-
ally assumed to be driven by a fluid/field generically
denoted dark energy [5]. Presently very little is known
about dark energy, namely, its possible composition or its
structure. Two main scenarios have been proposed to ex-
plain the nature of the dark energy: a cosmological con-
stant Λ [5], or a scalar field, usually called quintessence
[6]. The action for gravity and the scalar field
is S =
∫
[R/16piG− (1/2)∇αφ∇αφ− V (φ)]
√−gd4x,
where V (φ) is the self-interaction potential [7].
Another of the central issues in modern astrophysics
is the dark matter problem (see [8] for an extensive re-
view of the recent results of the search for dark matter).
The necessity of considering the existence of dark mat-
ter at a galactic and extragalactic scale is required by
two fundamental observational evidences: the behavior
of the galactic rotation curves, and the mass discrep-
ancy in clusters of galaxies, respectively. On the galac-
tic/intergalactic scale the rotation curves of spiral galax-
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ies [9–11] provide compelling evidences pointing towards
the problems Newtonian gravity and/or standard general
relativity has to face at these scales. The behavior of the
galactic rotation curves and of the virial mass of galaxy
clusters is usually explained by postulating the existence
of some dark (invisible) matter, distributed in a spherical
halo around the galaxies. The dark matter is assumed to
be a cold, pressure-less medium. Many possible candi-
dates for dark matter have been proposed, the most pop-
ular ones being the WIMPs (Weakly Interacting Massive
Particles) (for a review of the particle physics aspects of
the dark matter see [12]). While extremely small, their
interaction cross sections with normal baryonic matter,
are expected to be non-zero, so that their direct experi-
mental detection may be possible.
In this context, cosmological evolution and dynamics
are largely dominated by dark energy and dark matter.
Dark energy has a repulsive effect, driving the Universe
to accelerate, while dark matter is gravitationally at-
tractive. In the standard approach to cosmology there
is no interaction between these two components. Since
the gravitational effects of the dark energy and of the
dark matter are opposite (i.e., gravitational repulsion
versus gravitational attraction) and since dark energy
is very homogeneously distributed, while dark matter
clumps around ordinary matter, one expects that any
dynamic interaction between these two dark components
of the Universe would be extremely weak, or even neg-
ligible. However, the possibility of such an interaction
cannot be excluded a priori and, following some early
proposals [13], presently interacting dark matter-dark en-
ergy models were extensively investigated in the liter-
ature [14]. In the standard approach, one may model
dark energy as a scalar field with energy density ρφ and
pressure pφ, while dark matter is described as a matter
2fluid with density ρDM and pressure pDM , satisfying an
equation of state wDM = pDM/ρDM ≡ 0. By assum-
ing a spatially flat Friedman-Robertson-Walker (FRW)
background with scale factor, a(t), and allowing for cre-
ation/annihilation between the dark energy (scalar field)
and the dark matter fluid at a rate Q, the equations de-
scribing the variations of the dark energy and dark mat-
ter densities ρφ and ρDM can be written as [13, 14]
ρ˙φ + 3H (1 + wφ) ρφ = −Q, (1)
˙ρDM + 3H (1 + wDM ) ρDM = +Q, (2)
respectively, where H ≡ a˙/a is the Hubble function.
The derivatives with respect to the cosmological time,
t, will be indicated in the following by an overdot. The
dark energy and the dark matter create/decay into one
another via the common creation/annihilation rate ±Q.
Hence Q describes the interaction between the two dark
components of the Universe. When Q > 0, dark en-
ergy is converted to dark matter, while if Q < 0, dark
matter is converted to dark energy. Since there is no
fundamental theoretical approach that may specify the
functional form of the coupling between dark energy
and dark matter, presently coupling models are neces-
sarily phenomenological, although one might view some
couplings more physical or more natural than others.
Hence a large number of functional forms for Q have
been proposed, and investigated in the literature, such
as Q = ρ0crit(1 + z)
3H(z)IQ(z), where z is the redshift,
and IQ(z) is an interaction function that depends on the
redshift [15], or Q ∝ ρDM φ˙, and Q ∝ HρDM , respec-
tively [16].
In writing down Eqs. (1) and (2), one assumes the
idealised picture of a very quick decay in which the fi-
nal products reach equilibrium states immediately. How-
ever, the dark energy/dark matter creation/annihilation
period may be characterised by complicated nonequilib-
rium processes, with a highly nonequilibrium distribution
of the produced particles, subsequently relaxing to an
equilibrium state. Thermodynamical systems in which
matter creation occurs fits in the class of open thermo-
dynamical systems in which the usual adiabatic conserva-
tion laws are modified thereby including irreversible mat-
ter creation [17]. The thermodynamics of open systems
were first applied to cosmology in [17]. Explicit inclusion
of the matter creation in the matter stress-energy tensor
in the Einstein field equations leads to a three stage cos-
mological history, starting from an instability of the vac-
uum. During the first stage the Universe is driven from
an initial fluctuation of the vacuum to a de Sitter phase,
and particle creation occur. The de Sitter phase does
exist during the decay time of its constituents (second
stage) and ends, after a phase transition into the usual
FRW Universe. The phenomenological approach of [17]
was further discussed and generalised in [18] through a
covariant formulation allowing specific entropy variation
as usually expected for non-equilibrium processes. Cos-
mological models involving irreversible matter creation
have been considered in [19].
It is the purpose of the present paper to apply the ther-
modynamics of open systems as developed in [17] and [18]
to a cosmological fluid mixture consisting of two compo-
nents: dark energy, described by a scalar field, and dark
matter, modeled as an ordinary matter fluid, in which
particle decay and production occur. This situation may
be specific to both early and late stages of cosmologi-
cal evolution. The thermodynamics of irreversible pro-
cesses as applied to cosmological models with interacting
dark energy and dark matter leads to a self-consistent
description of the dark energy and dark matter particle
creation/annihilation processes, which in turn determine
the whole dynamics and future evolution of the Universe.
The present paper is organised as follows. In Section II
we present, in some detail, due to its important role, the
thermodynamical theory of irreversible matter creation
processes. The theory is applied to a two-component
cosmological fluid with interacting dark energy and dark
matter, and the resulting gravitational field equations are
written down in Section III. Particular models, and exact
and numerical solutions to the field equations are consid-
ered in Section IV. In Section V we discuss and conclude
our results. Throughout the paper we use a system of
units so that 8piG = c = 1.
II. THERMODYNAMICS OF IRREVERSIBLE
COSMOLOGICAL MATTER CREATION
We consider a cosmological volume element V contain-
ing N particles. For a closed system, N is constant, and
the corresponding thermodynamic conservation of the in-
ternal energy E is expressed by the first law of thermo-
dynamics as [17]
dE = dQ − pdV, (3)
where dQ is the heat received by the system during time
dt, p is the thermodynamic pressure, and V is any co-
moving volume. By introducing the energy density ρ
defined as ρ = E/V , the particle number density n given
by n = N/V , and the heat per unit particle dq, with
dq = dQ/N , Eq. (3) becomes
d
( ρ
n
)
= dq − pd
(
1
n
)
. (4)
Equation (4) is also valid for open systems in which N
is time dependent, N = N(t).
A. General relativistic covariant formulation of
matter creation
In a general-relativistic framework the basic macro-
scopic variables which describe the thermodynamic states
of a relativistic simple fluid are the energy-momentum
tensor Tµν , the particle flux vector N
µ, and the entropy
flux vector sµ. The energy-momentum tensor satisfies
3the conservation law ∇νT µν = 0. By taking into ac-
count matter creation the energy-momentum tensor can
be written as
T µν = (ρ+ p+ pc)u
µuν − (p+ pc) gµν , (5)
where the creation pressure takes into account dissipative
effects.
The particle flux vector is given by Nµ = nuµ, where n
is the particle number density, and uµ is the four-velocity
of the fluid. The particle flux vector satisfied the balance
equation
∇µNµ = Ψ, (6)
where the function Ψ is a particle source for Ψ > 0, and a
particle sink for Ψ < 0. In standard cosmology Ψ is usu-
ally assumed to be zero. We also introduce the entropy
flux sµ, defined as sµ = nσuµ [18], where σ is the specific
entropy per particle. The second law of thermodynamics
requires that ∇µsµ ≥ 0. For an open thermodynamic
system with temperature T in the presence of matter
creation the Gibbs equation is
nTdσ = dρ− ρ+ p
n
dn. (7)
By using the above equations one can immediately ob-
tain the entropy balance equation as [18]
∇µsµ = −pcΘ
T
− µΨ
T
, (8)
where Θ = ∇µuµ is the expansion of the fluid, and
the chemical potential µ is given by Euler’s relation
µ = (ρ+ p) /n− Tσ.
In the following we consider that the particles are cre-
ated in the space-time in such a way that they are in ther-
mal equilibrium with the already existing ones. Then the
entropy production is due only to the matter creation.
Moreover, we shall assume for the creation pressure pc
the following phenomenological ansatz [17, 18]
pc = −αΨ
Θ
, (9)
where α > 0. With this choice we obtain for the entropy
balance the equations
∇µsµ = Ψ
T
(α− µ) = Ψσ +
(
α− ρ+ p
n
)
Ψ
T
= Ψσ + nσ˙,
(10)
where σ˙ = uµ∇µσ = dσ/ds, which, together with Eq. (8)
gives for the specific entropy production the relation [18]
σ˙ =
Ψ
nT
(
α− ρ+ p
n
)
. (11)
If we constrain our formalism by requiring that the
specific entropy per particle is constant, σ = constant,
then Eq. (11) fixes the form of α as α = (ρ+ p) /n, giving
for the creation pressure the expression [18]
pc = −ρ+ p
nΘ
Ψ. (12)
By taking into account the condition of the constancy
of the specific entropy, the Gibbs equation becomes
ρ˙ = (ρ+ p)
n˙
n
. (13)
B. Matter creation in homogeneous and isotropic
cosmological models
In the case of a homogeneous and isotropic space-time
we adopt a comoving frame so that the components of the
four-velocity are given by uµ = (1, 0, 0, 0). Moreover, we
assume that the thermodynamic as well as the geometric
parameters are a function of the time t only. Then the
derivative of any function f(t) with respect to the line
element s coincides with the ordinary time derivative,
f˙ = uµ∇µf = df/dt. Moreover, the expansion of the
fluid is given by ∇µuµ = V˙ /V . Equation (13) can be
written in a number of equivalent forms as
ρ˙ =
(
h
n
)
n˙, (14)
where h = ρ+ p is the enthalpy (per unit volume) of the
fluid, or, equivalently,
p = ρ˙− ρn˙
n
. (15)
The Einstein field equations
Rµν − 1
2
gµνR = Tµν , (16)
involve the macroscopic stress-energy tensor Tµν , which,
in the cosmological case, corresponds to a perfect fluid.
It is characterised by a phenomenological energy density
ρ and pressure p¯, and its components are given by
T 00 = ρ, T
1
1 = T
2
2 = T
3
3 = −p¯. (17)
In addition to the Einstein field equations we have the
Bianchi identities, which lead to ∇νT νµ = 0, and to the
relation
d(ρV ) = −p¯dV. (18)
In the presence of adiabatic irreversible matter cre-
ation the appropriate analysis must be performed in the
context of open systems. This involves the inclusion of
a supplementary creation/annihilation pressure pc, as we
may write Eq. (13) in a form similar to Eq. (18), namely
[17]
d(ρV ) = − (p+ pc) dV, (19)
4where from Eq. (20) it follows that the creation pressure
is given by
pc = −
(
h
n
)
d(nV )
dV
= −
(
h
n
)
V
V˙
(
n˙+
V˙
V
n
)
. (20)
Creation of matter corresponds to a (negative) supple-
mentary pressure pc, which must be considered as part
of the cosmological pressure p¯ entering into the Einstein
field equations (decaying of matter leads to a positive
decay pressure),
p¯ = p+ pc. (21)
The entropy change dS in an open thermodynamic sys-
tem can be decomposed into an entropy flow d0S, and
the entropy creation diS,
dS = d0S + diS, (22)
with diS ≥ 0. To evaluate dS we start from the total
differential of the entropy,
Td(sV ) = d(ρV ) + pdV − µd(nV ), (23)
where s = S/V ≥ 0 and µn = h − Ts, µ ≥ 0 being the
chemical potential. In a homogeneous system d0S = 0,
but matter creation contributes to the entropy produc-
tion. From Eqs. (22) and (23) we obtain [17]
T
dS
dt
= T
diS
dt
= T
s
n
d(nV )
dt
. (24)
To complete the problem we need one more relation be-
tween the particle number n and V , describing the time
dynamics of n as a result of matter creation (decay) pro-
cesses. This relation is given by Eq. (6), which in the
case of a homogeneous and isotropic cosmological model
takes the form
1
V
d(nV )
dt
= Ψ(t), (25)
where Ψ(t) is the matter creation (or decay) rate (Ψ(t) >
0 corresponds to particle creation, while Ψ(t) < 0 corre-
sponds to particle decay) [17, 18]. The creation pres-
sure (20) depends on the matter creation (decay) rate,
thereby coupling Eqs. (20) and (25) to each other and,
although indirectly, both of them with the energy conser-
vation law (19), which is contained in the Einstein field
equations themselves. The entropy production can also
be expressed as a function of the matter creation rate as
S(t) = S (t0) e
∫
t
t0
Ψ(t)
n
dt
. (26)
III. COSMOLOGICAL DYNAMICS IN A
UNIVERSE WITH IRREVERSIBLE DARK
ENERGY-DARK MATTER INTERACTION
We shall model the Universe as an open thermodynam-
ical system, consisting of a two-component (dark energy
and dark matter) perfect fluid, with the particle number
densities denoted by nφ, and nDM , respectively. nφ cor-
responds to the “particles” of the scalar field, while nDM
is the particle number of the dark matter. We denote the
corresponding energy densities by ρφ and ρDM , respec-
tively. The stress-energy tensor of the two-component
cosmological fluid is given by
T νµ = T
(φ)ν
µ + T
(DM)ν
µ = ρuµu
ν − p¯ δνµ, (27)
where uµ = dxµ/ds is the four-velocity, and
ρ = ρφ + ρDM , p¯ = p¯φ + p¯DM . (28)
The energy density and pressure of the dark energy
are given by ρφ = φ˙
2/2 + U(φ) and pφ = φ˙
2/2 − U(φ),
respectively, where U(φ) is the self-interaction potential.
We suppose that neither the particle numbers nor the
stress-energy of the components are separately conserved,
that is, particle inter-conversion and exchange of energy
and momentum between the two components are admit-
ted. The cosmological fluid mixture is characterised by
a total energy density ρ = ρφ + ρDM , total thermody-
namic pressure p¯ = p¯φ + p¯DM and a total particle num-
ber n = nφ + nDM . We consider that the geometry of
the spacetime is described by the flat FRW line element,
given by
ds2 = dt2 − a2(t) (dx2 + dy2 + dz2) . (29)
We shall assume that the particle number densities nφ
and nDM of each component of the fluid obey the follow-
ing balance laws,
n˙φ + 3Hnφ = −Γ1ρφ, (30)
n˙DM + 3HnDM = Γ2ρφ, (31)
respectively, where Γ1 6= 0 and Γ2 6= 0 are arbitrary
functions. Equations (30) and (31) describe the decay of
the dark energy φ-particles, and the creation of the dark
matter particles, with a scalar field decay rate and a dark
matter creation rate Ψ(t) ∝ ρφ. Thus, the dynamics
of φ-particle decay and the creation of dark matter is
governed in the present model by the scalar field via its
energy density. From Eqs. (30) and (31) it follows that
the total particle number n obeys the balance equation
n˙+ 3Hn = (Γ2 − Γ1) ρφ. (32)
Hence in the case of an interacting dark matter and dark
energy the total particle number conservation occurs only
in very special cases, and therefore we shall suppose that
generally Γ1 6= Γ2.
In the framework of the thermodynamics of irreversible
processes particle creation and decay gives rise to a decay
and a creation thermodynamic pressure, given by
p(φ)c =
Γ1 (ρφ + pφ) ρφ
3Hnφ
, (33)
5and
p(DM)c = −
Γ2 (ρDM + pDM ) ρφ
3HnDM
, (34)
respectively, while the total creation pressure becomes
p(total)c = p
(φ)
c + p
(DM)
c
=
ρφ
3H
[
Γ1 (ρφ + pφ)
nφ
− Γ2 (ρDM + pDM )
nDM
]
.
(35)
Using the results obtained above the complete Einstein
gravitational field equations describing the dynamics of
a flat FRW spacetime filled with a mixture of interact-
ing dark matter (scalar field) and dark matter can be
expressed in the form
3H2 = ρφ + ρDM , (36)
2H˙ + 3H2 = −pφ − pDM
− ρφ
3H
[
Γ1 (ρφ + pφ)
nφ
− Γ2 (ρDM + pDM )
nDM
]
,
(37)
and where ρDM = ρDM (nDM ) and pDM = pDM (nDM ).
The dynamical evolution of the dark energy and dark
matter particles nφ and nDM is given by Eqs. (30) and
(31), respectively, while the energy density and pressure
of the dark energy is given by
ρφ =
φ˙2
2
+ U(φ), pφ =
φ˙2
2
− U(φ), (38)
where U(φ) is the scalar field self-interaction potential.
As applied to each component of the cosmological fluid,
Eq. (14), the second law of thermodynamics for open
systems provides the relationships
ρ˙φ + 3H (ρφ + pφ) +
Γ1 (ρφ + pφ) ρφ
nφ
= 0, (39)
and
ρ˙DM + 3H (ρDM + pDM ) =
Γ2 (ρDM + pDM ) ρφ
nDM
, (40)
respectively.
Equation (39), which describes the dynamics of the
dark energy during its interaction with dark matter, can
be written in an equivalent form as
φ¨+ 3Hφ˙+ Γ
(
φ, φ˙, U
)
φ˙+ U ′(φ) = 0, (41)
where we have denoted Γ
(
φ, φ˙, U
)
= Γ1ρφ/nφ. There-
fore in the framework of the thermodynamics of ir-
reversible processes a friction term in the scalar field
Eq. (41) arises naturally, and in a general form, as a
direct consequence of the second law of thermodynamics
as applied to an open system.
Adding Eqs. (39) and (40), the evolution of the total
energy density ρ = ρφ+ ρDM of the cosmological fluid is
governed by the equation
ρ˙+ 3H (ρ+ pφ + pDM ) =
ρφ
[
Γ2 (ρDM + pDM )
nDM
− Γ1 (ρφ + pφ)
nφ
]
. (42)
For the entropy of the newly created matter we obtain
SDM (t) = SDM (t0) exp
(∫ t
t0
Γ2
ρφ
nDM
dt
)
. (43)
Irreversible matter particle creation is an adiabatic
process, the produced entropy being entirely due to the
increase in the number of fluid particles, there being no
increase in the entropy per particle due to dissipative
processes.
IV. IRREVERSIBLE DARK ENERGY-DARK
MATTER INTERACTION MODELS
In the present Section we consider, within the frame-
work of irreversible thermodynamics with matter cre-
ation/annihilation, a number of specific cosmological
models with dark energy-dark matter interaction. As a
first case we consider the situation in which the density of
the dark matter is much smaller than the energy density
of the scalar field. This case corresponds to an Universe
dominated by the dark energy component, assumed to
be represented by a coherent wave of φ-particles. In this
case the kinetic term dominates in the total energy of
the scalar field. As a second case we consider a poten-
tial energy dominated scalar field. The general dynamics
of the cosmological model with interacting dark energy
and dark matter is also considered, and the cosmological
evolution equations are studied numerically.
A. Coherent Scalar Waves-Dark matter interaction
We shall consider in the following that the energy den-
sity and particle number of the newly created dark mat-
ter is much smaller than the energy density and parti-
cle number of the corresponding scalar field fluid compo-
nent, that is the relations ρDM ≪ ρφ, nDM ≪ nφ, and
pDM ≪ pφ hold. In this case the Universe is dominated
by the scalar field energy density, and its evolution is not
influenced by the matter content. We shall work through-
out with finite values of the fluid quantities at t = t0. The
coupling between scalar field and dark matter is realised
only by means of the balance equation of ordinary matter
via the scalar field energy density, and the basic equations
describing the dynamics of a flat FRW scalar field filled
space-time interacting with a dark matter component are
6given by
3H2 = ρφ (44)
2H˙ + 3H2 = −pφ − Γ1 (ρφ + pφ) ρφ
3Hnφ
, (45)
and
ρ˙φ = (ρφ + pφ)
n˙φ
nφ
, (46)
n˙φ + 3Hnφ = −Γ1ρφ, (47)
n˙DM + 3HnDM = Γ2ρφ, (48)
respectively.
A homogeneous scalar field oscillating with frequency
mφ can be considered as a coherent wave of “particles”
with zero momenta, and with a particle number density
given by [20]
nφ =
ρφ
mφ
, mφ = constant. (49)
In other words, nφ oscillators of the same frequency mφ
oscillating coherently with the same phase can be de-
scribed as a single homogeneous wave φ(t). Insertion of
the energy density of the scalar field given by Eq. (49) in
Eq. (46) leads to the condition
pφ = 0, (50)
or, equivalently,
U
(
φ˙
)
=
φ˙2
2
. (51)
Therefore, a homogeneous oscillating scalar field is de-
scribed in the present model by a Barrow-Saich type po-
tential, with the potential energy of the scalar field pro-
portional to the kinetic one [21]. The energy density of
the scalar field becomes ρφ = φ˙
2, and this relation, ob-
tained naturally in the framework of the present formal-
ism is very similar to the equation ρφ =
〈
φ˙2
〉
obtained
by replacing φ˙2 by its average value per cycle [22].
In this case the equations describing the dynamics of
the FRW type spacetime filled by the decaying oscillating
homogeneous scalar field in the presence of dark matter
creation become
3H2 = φ˙2, (52)
2H˙ + 3H2 = −Γ1mφH, (53)
n˙DM + 3HnDM = 3Γ2H
2, (54)
respectively. In the following we will assume, for simplic-
ity, that Γ1 and Γ2 are constants. By introducing a set
of dimensionless variables τ , h and θDM by means of the
transformations
t =
2
Γ1mφ
τ, H =
Γ1mφ
3
h, nDM =
2Γ1Γ2mφ
3
θDM ,
(55)
Equations (53) and (54) take the form
dh
dτ
= −h(h+ 1), (56)
dθDM
dτ
+ 2hθDM = h
2, (57)
and yield the following general solutions
h(τ) =
1
eτ − 1 , (58)
and
θDM =
[
(eτ0 − 1)2 θDM0 + 1/2
]
e2(τ−τ0) − 1/2
(eτ − 1)2
, (59)
respectively, where we have denoted θDM0 = θDM (τ0).
The evolution of the scale factor is given by
a(τ) = a0
(
eτ − 1
eτ
)2/3
. (60)
The deceleration parameter q = d(1/H)/dt − 1 is given
by
q =
3
2
eτ − 1. (61)
For (t− t0) ≪ Γ−11 , i.e., at the start of the oscillatory
period corresponding to the dark matter production, the
approximate solution of the field equations is given by
h ≈ 1
τ
, a ≈ a0τ2/3, (62)
ρφ ≈ 1
τ2
, θDM ≈ θDM0 τ
2
0
τ2
(
1 +
τ − τ0
θDM0τ20
)
. (63)
This phase corresponds to an Einstein-de Sitter expan-
sion, with decaying dark energy, and dark matter cre-
ation.
During the initial oscillating period of the scalar field
dominated FRW Universe there is a rapid increase of
its dark matter content. The particle number density
increases during a time interval
∆t = tmax − t0 =
(
1− 3θDM0t0
2Γ2
)
t0, (64)
and reaches a maximum value given by
n
(max)
DM =
Γ2
3∆t
1− 3θDM0t0/2Γ2
t0 (1− 3θDM0t0/4Γ2) . (65)
7Assuming that the scalar field oscillations decay into
relativistic dark matter, the energy density and temper-
ature of the dark matter component of the cosmological
fluid is given by ρDM ∼ nγ , TDM ∼ nγ−1, where γ = 2
corresponds to a stiff (Zeldovich) fluid obeying an equa-
tion of state of the form ρDM = pDM , and γ = 4/3
corresponds to a relativistic, radiation like fluid.
The entropy produced during dark matter particle cre-
ation can be easily obtained from Eq. (43) and is given,
in first approximation, by
SDM (t)
SDM0
=
τ − τ0
θDM0τ20
+ 1. (66)
Therefore, for small times, there is a linear increase of
the entropy of the dark energy dominated flat spacetime.
B. Constant scalar field potential dark energy and
dark matter interaction
As a second example in the study of the irreversible
interaction between dark energy (a scalar field) and dark
matter we consider the case in which the scalar field po-
tential may be approximated, at least for a certain time
interval, as a positive constant, U(φ) = Λ = constant >
0. Therefore, the energy density and the pressure of the
scalar field can be written as
ρφ =
1
2
φ˙2 + Λ, ρφ =
1
2
φ˙2 − Λ. (67)
Moreover, we assume that the change in the scalar field
energy density due to the cosmological expansion can be
neglected in the scalar field evolution equations, that is,
in the energy density and particle number equations of
the scalar field, given by Eqs. (39) and (40), the term con-
taining 3H can be neglected. In this approximation the
main contribution to the temporal dynamics of the scalar
field is due to its decay into dark matter particles, and not
to the cosmological expansion. On the other hand, the
feedback of the newly created dark matter particles on
the cosmological dynamics cannot be neglected. Within
this approximation, from Eq. (30), describing the scalar
field particles decay, we obtain first
ρφ = − 1
Γ1
n˙φ, (68)
which gives the scalar field particle number density as a
function of the energy of the scalar field. By substituting
this expression of ρφ into Eq. (39) gives
n¨φ + Γ1
φ˙2
nφ
n˙φ = 0. (69)
Taking into account that
φ˙2 = 2 (ρφ − Λ) = 2
(
− n˙φ
Γ1
− Λ
)
, (70)
we obtain the equation describing the dynamics of the
scalar field particles as
nφn¨φ − 2n2φ − 2Γ1Λn˙φ = 0. (71)
By denoting n˙φ = u, n¨φ = udu/dnφ, Eq. (71) becomes
nφ
du
dnφ
= 2 (u+ Γ1Λ) , (72)
providing
n˙φ = N1n
2
φ − Γ1Λ, (73)
where N1 is an arbitrary integration constant, which
can be determined from the initial condition n˙φ (t0) =
−Γ1ρφ (t0) = −Γ1ρφ0 and nφ (t0) = nφ0 as
N1 =
Γ1 (Λ− ρφ0)
n2φ0
. (74)
Therefore the general solution of Eq. (71) is given by
nφ(t) =
√
Γ1Λ
N1
1 +N2e
2αt
1−N2e2αt , (75)
where α =
√
Γ1ΛN1, and
N2 =
nφ0 −
√
Γ1Λ/N1
nφ0 +
√
Γ1Λ/N1
e−2αt0 . (76)
By assuming that the newly created dark matter parti-
cles are pressureless, pDM = 0, and the energy density of
the dark matter component is ρDM = mDMnDM , where
mDM is the mass of the dark matter particle, then the
evolution equation for the dark matter density can be
written as
ρ˙DM + 3HρDM = −Γ2
Γ1
n˙φ
= Γ2Λ− Γ2 (Λ− ρφ0)
n2φ0
n2φ, (77)
By neglecting the effects of the expansion of the Universe
the dark matter energy increases as
ρDM (t) ≈ Γ2
(
Λ −
√
Γ1λ
N1
Λ− ρφ0
n2φ0
)
t
−Γ2 (Λ− ρφ0)
αn2φ0
√
Γ1λ
N1
1
N2e2αt − 1 . (78)
C. Effects of the cosmological expansion on the
dark energy-dark matter interaction
In the general case, in which the expansion of the Uni-
verse is also taken into account, the system of equations
8describing the irreversible dark energy-dark matter inter-
action are given by
3H2 = ρφ + ρDM , (79)
n˙φ + 3Hnφ = −Γ1ρφ, (80)
ρ˙φ + 6H (ρφ − Λ) + 2Γ1 (ρφ − Λ) ρφ
nφ
= 0, (81)
ρ˙DM + 3HρDM = Γ1mDMρφ, (82)
where, for simplicity, we have assumed Γ1 = Γ2 =
constant. By introducing a set of dimensionless variables
(rφ, Nφ, rDM , τ), defined as
ρφ = Λrφ, nφ = ΛNφ, (83)
ρDM = ΛmDMrDM , t = τ/Γ1, (84)
the field equations Eqs. (79)-(82) can be written in a
dimensionless form as
1
a
da
dτ
= λ
√
rφ +mDMrDM , (85)
dNφ
dτ
+ 3λ
√
rφ +mDMrDMNφ = −rφ, (86)
drφ
dτ
+ 6λ
√
rφ +mDMrDM (rφ − 1) + 2rφ (rφ − 1)
Nφ
= 0,
(87)
drDM
dτ
+ 3λ
√
rφ +mDMrDM rDM = rφ, (88)
respectively, where
λ =
√
Λ/3
Γ1
. (89)
The deceleration parameter q in the irreversible inter-
acting dark energy-dark matter model is given by
q = −1
2
rφ [mDM − 2 (rφ − 1) /Nφ]− 3λ√rφ +mDMrDM [2 (rφ − 1) +mDMrDM ]
λ (rφ +mDMrDM )
3/2
− 1. (90)
The density parameters Ωφ and ΩDM of the dark en-
ergy and of the dark matter are given by
Ωφ =
rφ
rφ +mDMrDM
, (91)
and
ΩDM =
mDMrDM
rφ +mDMrDM
, (92)
respectively, and they satisfy the relation Ωφ+ΩDM = 1.
The dynamics of the interacting dark energy-dark mat-
ter system is determined by two control parameters, λ,
and the mass mDM of the dark matter particle. The
mass of the dark matter particle, as well as the decou-
pling temperature, was determined recently in [23]. By
evaluating analytically the dark matter galaxy proper-
ties, as the halo density profile, the halo radius and the
surface density, and by matching them to their observed
values one can obtain the decreasing of the phase space
density since equilibration till today, the mass of the dark
matter particle and the decoupling temperature Td, and
the kind of the halo density profile (core or cusp), re-
spectively. The dark matter particle mass turns to be
between 1 and 2 keV and the decoupling temperature Td
turns to be above 100 GeV. Dark matter particles with
masses of the order of keV necessarily produce cored den-
sity profiles, while WIMPs (m ∼ 100 GeV, Td ∼ 5 GeV)
inevitably produce cusped profiles at scales about 0.003
pc. Therefore, based on this analysis in the following we
adopt a value of 1 keV for the mass of the dark mat-
ter particle. Some possible dark matter candidates with
masses in this range would be the sterile neutrino, the
gravitino, the light neutralino, the majoron etc. [23].
By normalizing the value of the scale factor so that at
the present time tpres the scale factor is a (tpres) = 1,
the redshift z is given by z = (1 − a)/a. We consider
the effects of the dark energy-dark matter interaction in
the recent Universe, starting from z = 2, corresponding
to t = 0, which fixes the initial value of the scale factor
as a(0) = 0.33. Moreover, we consider that at z = 2 the
universe was composed of an equal amount of dark energy
and dark matter so that rφ(0) = rDM (0), and for the
numerical calculations we choose rφ(0) = rDM (0) = 1.5.
The time variations of the scale factor a, of the scalar
field particle number Nφ, of the scalar field energy rφ,
of the dark matter energy density rDM , of the deceler-
ation parameter q, of the density parameter Ωφ, and of
the density parameter ΩDM of the dark matter are rep-
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FIG. 1: Time variation of the scale factor of the interacting
dark energy-dark matter filled Universe, for different values
of the parameter λ: λ = 1.4 (solid curve), λ = 1.5 (dotted
curve), λ = 1.6 (dashed curve), and λ = 1.7 (long dashed
curve). The initial conditions used for the numerical integra-
tion of the cosmological evolution equations are a(0) = 0.33,
Nφ(0) = 10, rφ(0) = 1.5, and rDM(0) = 1.5, respectively. For
the mass mDM of the dark matter particle we have assumed
the value mDM = 1 keV.
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FIG. 2: Time variation of the scalar field particle number Nφ
in the interacting dark energy-dark matter filled Universe, for
different values of the parameter λ: λ = 1.4 (solid curve),
λ = 1.5 (dotted curve), λ = 1.6 (dashed curve), and λ =
1.7 (long dashed curve). The initial conditions used for the
numerical integration of the cosmological evolution equations
are a(0) = 0.33, Nφ(0) = 10, rφ(0) = 1.5, and rDM(0) = 1.5,
respectively. For the mass mDM of the dark matter particle
we have assumed the value mDM = 1 keV.
resented, for different values of the parameter λ, and for
mDM = 1 keV, in Figs. 1-7.
As one can see from Fig. 1, the interacting dark energy-
dark matter filled Universe is an expansionary state, with
the rate of the expansion, and the scale factor evolution,
strongly dependent on the dimensionless parameter λ,
which depends on the ratio of the (constant) scalar field
potential Λ, and of the scalar field decay rate Γ1. Accel-
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FIG. 3: Time variation of the dimensionless scalar field energy
rφ in the interacting dark energy-dark matter filled Universe,
for different values of the parameter λ: λ = 1.4 (solid curve),
λ = 1.5 (dotted curve), λ = 1.6 (dashed curve), and λ =
1.7 (long dashed curve). The initial conditions used for the
numerical integration of the cosmological evolution equations
are a(0) = 0.33, Nφ(0) = 10, rφ(0) = 1.5, and rDM (0) = 1.5,
respectively. For the mass mDM of the dark matter particle
we have assumed the value mDM = 1 keV.
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FIG. 4: Time variation of the dimensionless dark matter en-
ergy rDM in the interacting dark energy-dark matter filled
Universe, for different values of the parameter λ:λ = 1.4 (solid
curve), λ = 1.5 (dotted curve), λ = 1.6 (dashed curve), and
λ = 1.7 (long dashed curve). The initial conditions used
for the numerical integration of the cosmological evolution
equations are a(0) = 0.33, Nφ(0) = 10, rφ(0) = 1.5, and
rDM(0) = 1.5, respectively. For the mass mDM of the dark
matter particle we have assumed the value mDM = 1 keV.
erated expansion can also be obtained in the framework
of the present model, the creation pressure, correspond-
ing to the irreversible decay of the scalar field, and the
matter creation, can drive the Universe into a de Sitter
type phase. The scalar field particle number decays dur-
ing the cosmological evolution, as shown in Fig. 2. The
decay rate strongly depends on the numerical value of λ.
The dimensionless energy of the scalar field rφ, shown
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FIG. 5: Time variation of the deceleration parameter q in
the interacting dark energy-dark matter filled Universe, for
different values of the parameter λ: λ = 1.4 (solid curve),
λ = 1.5 (dotted curve), λ = 1.6 (dashed curve), and λ =
1.7 (long dashed curve). The initial conditions used for the
numerical integration of the cosmological evolution equations
are a(0) = 0.33, Nφ(0) = 10, rφ(0) = 1.5, and rDM(0) = 1.5,
respectively. For the mass mDM of the dark matter particle
we have assumed the value mDM = 1 keV.
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FIG. 6: Time variation of the density parameter Ωφ of the
dark energy in the interacting dark energy-dark matter filled
Universe, for different values of the parameter λ: λ = 1.4
(solid curve), λ = 1.5 (dotted curve), λ = 1.6 (dashed curve),
and λ = 1.7 (long dashed curve). The initial conditions used
for the numerical integration of the cosmological evolution
equations are a(0) = 0.33, Nφ(0) = 10, rφ(0) = 1.5, and
rDM(0) = 1.5, respectively. For the mass mDM of the dark
matter particle we have assumed the value mDM = 1 keV.
in Fig. 3, tends in the large time limit to the value 1,
corresponding to ρφ = Λ, and to a de Sitter type ex-
pansion. This shows that the decay of the scalar field
is determined and controlled by the kinetic energy term
of the field φ˙2/2, which is the source of the dark matter
particles creation. When the energy and the pressure of
the scalar field are dominated by the scalar field potential
Λ, ρφ = −pφ = Λ, then ρφ + pφ = 0, and from Eq. (39)
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FIG. 7: Time variation of the density parameter ΩDM of the
dark matter in the interacting dark energy-dark matter filled
Universe, for different values of the parameter λ: λ = 1.4
(solid curve), λ = 1.5 (dotted curve), λ = 1.6 (dashed curve),
and λ = 1.7 (long dashed curve). The initial conditions used
for the numerical integration of the cosmological evolution
equations are a(0) = 0.33, Nφ(0) = 10, rφ(0) = 1.5, and
rDM(0) = 1.5, respectively. For the mass mDM of the dark
matter particle we have assumed the value mDM = 1 keV.
it follows that ρφ = constant, and the scalar field energy
cannot be converted any more into other type of parti-
cles. The energy density of the dark matter particles,
presented in Fig. 4, increases in time due to the decay of
the φ-particles.
The time variation of the deceleration parameter q,
presented in Fig. 5, shows that the Universe with irre-
versibly interacting dark energy-dark matter starts its
evolution at z = 2 from a decelerating state, with q > 0,
and with an initial value of the decelerating parameter
of around q(0) ≈ 0.2. For the present choice of the pa-
rameters the Universe enters into an accelerating phase,
with q < 0, at a redshift of around z ≈ 1.6, and reaches
a de Sitter type expansionary phase at the present time,
corresponding to a = 1, and z = 0, respectively.
The time variations of the density parameters of the
dark energy and of the dark matter are represented, for
different values of λ, in Figs. 6 and 7, respectively. At
t = 0 (z = 2) dark energy and dark matter have the same
values of the density parameters, Ωφ(0) = ΩDM (0) =
1/2. During the cosmological expansion in the redshift
range 2 ≤ z ≤ 0, the density parameter of the dark en-
ergy increases to a value of Ωφ (tpres) ≈ 0.8, while at the
same time the density parameter of the dark matter de-
creases to Ωφ (tpres) ≈ 0.2. For λ = 1.4, Ωφ ≈ 0.77,
and ΩDM ≈ 0.23. These results are consistent with
the latest observational determinations of the composi-
tion of the Universe, which give Ωφ (tpres) ≈ 0.73, and
ΩDM (tpres) ≈ 0.228 [24].
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V. DISCUSSIONS AND FINAL REMARKS
In the present paper we have shown that the thermo-
dynamics of the open systems is a valuable tool for de-
scribing the interacting dark energy - dark matter phases
of the general relativistic cosmological models. As ap-
plied to a two component (scalar field and dark matter)
cosmological model, the thermodynamics of irreversible
processes provides a generalization of the elementary the-
ory of dark energy-dark matter interaction, which envis-
ages that during the dark energy dominated phase of
the expansion of the Universe, when the expansion slows
down, the energy stored in the zero mode oscillations of
the scalar field transforms into particles via single parti-
cle decay. Thus the model presented in this paper gives
a rigorous thermodynamical foundation, and a natural
generalisation, to the theory of dark energy-dark mat-
ter interaction. Particle decay (creation) gives rise to a
supplementary decay (creation) pressure which has to be
included as a distinct part in the stress-energy tensor of
the cosmological mixture. We have considered only par-
ticle creation in a scalar field (dark energy) dominated
Universes, leading to a model in which particle produc-
tion rate is extremely high at the beginning of the oscil-
latory period, and afterwards it tends to zero, when the
scalar field energy and pressure become dominated by
the scalar field potential, assumed to be a constant, and
when the kinetic energy of the scalar field becomes negli-
gibly small. Such a dark matter particle production has
very important implications on the dynamics and evolu-
tion of the Universe. The details of the dark energy-dark
matter interaction mechanism depend on the parameters
of the particle physics models involved to describe the
newly created particles. One of the parameters is the
dark matter particle mass, which is a key parameter in
the description of the scalar field-dark matter process.
Unfortunately presently there is no definite answer giv-
ing the value of the mass of the dark matter particle.
Particle creation can be related to what is called the
arrow of time: something that provides a direction to
time, and distinguishes the future from the past. There
are two different arrows of time: the thermodynamical
arrow of time, the direction in which entropy increases,
and the cosmological arrow of time, the direction in which
the Universe is expanding. Particle creation introduces
asymmetry in the evolution of the Universe, and enables
us to assign a thermodynamical arrow of time, which
agrees, in our model, with the cosmological one. This
coincidence is determined in a natural way by the decay
of the scalar field, due to the presence of a friction force
between field and matter.
In our present approach we have neglected the back-
reaction of the newly created particles on the dynamics
of the Universe, and the effect of the form of the scalar
field potential U(φ) have not been completely envisaged.
These aspects of the thermodynamic theory of the dark
energy - dark matter interaction will be the subject of a
future work.
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